The detection of gravitational waves from the merger of binary black holes by the LIGO Collaboration has opened a new window to astrophysics. With the sensitivities of ground based detectors in the coming years, we will principally detect local binary black hole mergers. The integrated merger rate can instead be probed by the gravitational-wave background, the incoherent superposition of the released energy in gravitational waves during binary-black-hole coalescence. Through that, the properties of the binary black holes can be studied. In this work we show that by measuring the energy density ΩGW (in units of the cosmic critical density) of the gravitational-wave background, we can search for the rare ∼ 100M massive black holes formed in the Universe. In addition, we can answer how often the least massive BHs of mass > ∼ 3M form. Finally, if there are multiple channels for the formation of binary black holes and if any of them predicts a narrow mass range for the black holes, then the total ΩGW spectrum may have features that with the future Einstein Telescope can be detected.
I. INTRODUCTION
The observation of the coalescence of black holes (BHs) by the LIGO collaboration [1] [2] [3] , has generated great interest in gravitational wave (GW) physics and in the sources responsible for them. Many alternatives have been proposed regarding the progenitors of binary black holes (BBHs), including from BH as the end product of stellar evolution of massive stars [4] [5] [6] [7] [8] [9] , of BHs in globular clusters [10] [11] [12] [13] , or in centers of galaxies [14, 15] , or as the result of primordial black holes capturing each other [16] [17] [18] , all consistent with the observed BBH merger rates [3, 19] . In order to probe and discriminate among the various models for the BBH progenitors, different observables will be necessary. With LIGO, we expect that BH binaries of composite masses of 10 (20, 30) M will be detectable as individual events, only up to redshifts of 0.3 (0.5, 0.7). However, with the future Einstein Telescope (ET) [20] those redshifts may increase up to 11 (12, 11) respectively.
In addition, the entire merging BBH population of the Universe, can be probed through the incoherent superposition of their released energy in GWs, giving the gravitational wave background [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . This background is affected, by both the BBH population mass and redshift distributions at the time of the merger. In turn these distributions depend on the environment where the BH binaries form.
After its first run, advanced LIGO has detected two events, event GW150914 of 36. 
+4
−5 M with a significance of 1.7 σ [3] . Merging BHs, during the last stages of their coalescence when most energy is radiated, emit GWs at frequencies and with amplitudes that depend on the combination of their masses. Using the first three events, and the estimated BBH merging rates, we can study the impact that uncertainties on individual BH mass and redshift distributions have on the gravitational wave background, and present how those properties can be further probed.
This paper is organized as follows; in section II we give the basic set up for our calculations and in section III we give our main results and discuss on the detectability of the gravitational wave background. Finally in section IV we give our conclusions.
II. THE GRAVITATIONAL WAVE BACKGROUND FROM BINARY BLACK HOLES
The total energy density spectrum of gravitational waves is given by:
where f obs is the observable GW frequency, dρ GW is the GW energy density between f obs and f obs + df obs and ρ c is the critical energy density of the Universe ρ c = 3H 2 0 /(8πG). There can be various other contributions to the Ω GW (see e.g. [25, [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] ). From this point on we are going to study only the contribution from BH binaries, since for those we already have observations and thus some first measurement of their local incidence rate. Accounting for the fact that the GWs are emitted from the coalescing binaries with a spectral energy density dE/df , we have for the total, resolved and unresolved arXiv:1609.03565v2 [astro-ph.HE] 28 Apr 2017 population of coalescing binaries:
where z max is the maximum redshift relevant for the sources of the GWs and for the frequencies sensitive to the observatories. R m (z) is the merger rate of the BBHs at their source and f s is the GW frequency at the source
The energy released during the inspiral, the merger and the ring-down phases of the coalescence and the exact frequencies of GWs emitted, has been the question of extended studies [49] [50] [51] [52] [53] [54] [55] . To account for the uncertainties related to the energy density released during the coalescence, we follow two alternative parametrizations of the spectral energy density of the emitted GWs. The first we refer to as Ajith et al. [54] and the second is referred to as Flanagan & Hughes [56] .
Both parametrizations agree on the spectral energy density of the emitted GWs during the inspiral of a circularized orbit, which at the source is:
The frequency at the end of the inspiral and the beginning of the merger phase is (at the source):
accourding to [56] and double that value for BBHs according to [54] . Between the redshifted f merg and the frequency of quasi-normal ring-down (at the position of the binary) [56] :
the merger phase of the coalescence event is observed. α is the dimensionless spin of the final BH; α = cS Gm 2 final , assuming m final m tot = m 1 + m 2 . The quasi-normal ring-down frequency f qnr by [54] is only 8% less than that of [56] for a given choice of masses and spins. More recent models [57] [58] [59] , provide even more accurate expressions on the amplitude of the GWs versus masses and spins. We take α = 0.67 thought this paper, given that the measured values from the first observations indicate such a value. We also note that its choice has a minimal impact in the calculations of the total released energy density in GWs for coalescence events.
During the merger phase, the spectral energy density is given in turn by [56] :
where µ is the reduced mass and is the fraction of the energy in the initial BH binary that is emitted in GWs during that phase. We take = 0.04 in agreement with the uncertainties of the GW150914 event [60] . Following the parametrization of [54] , we get instead:
Finally, the energy density during the ring-down phase, in given by [56] as:
with A = 0.4, Q = 2(1 − α) −9/20 and by [54] as:
with σ = 237(20M /m tot ) Hz. In either parametrization, the energy released during the quasi-normal ringdown is subdominant. The second astrophysics input to the Ω GW calculation, is the merger rate of BBHs, R m (z). This is given by the convolution of the rate of binary formation R f (z) and the time delay t d distribution P (t d ) that describes the time it takes for those binaries to merge,
t min is the model dependent minimum value for t d , t H the Hubble time and z f is the redshift at the formation. With the first LIGO event, the merger rate for BBHs was measured to be between 2 and 53 Gpc −3 yr −1 locally, assuming all events were of the GW150914 class [19] . By "class", in this work we assume that there are many BBHs with the same properties (masses and spins) as those measured at the event defining that class. In Figure 1 , we use that merger rate to produce the blue dashed line, assuming that BBHs are formed with a rate that follows the star formation rate (SFR), probed by the observations of gamma-ray bursts (GRB) [61] , and ignoring for simplicity the time-delay between the formation and the merger of the binaries. With the three events of LIGO's complete O1 run, R m (z) has changed to 99
Gpc −3 yr −1 [3] , assuming that the larger mass m 1 of the BHs in the binaries, follows a mass function ∝ m with m ≥ 5M , and m 1 + m 2 ≤ 100M . With otherwise the same assumptions on time-delay and formation rate, the updated merger rate is shown with its uncertainty by the solid blue line and the blue band around it in Figure 1 . It is clear that rate is yet very uncertain.
Given that BHs come from massive stars that lie on the massive end of the initial stellar mass function, the metallicity Z, of the environment where BBHs form, can
Prd. NFW Prd. Ein. PHB Rate Unc. [33] , with the star formation rate by [61] , while the blue solid line and band give for the same redshift dependence the updated local merger rate of Rm = 99
from [3] (see text for details). Given the lack of knowledge on the BBHs progenitors, the redshift dependence in Rm(z) can vary significantly, as is shown by the dotted and longdashed blue lines (normalized to the updated rate), where the BBH progenitors come from environments with metallicity of 0.1 and 0.5 Z respectively [62] . All blue lines assume no significant time delay between the formation and the merger of the binary. Instead, for the green dashed and dotted lines, a time delay of 1 and 3 Gyrs is assumed; with a binary formation rate following [61] , and normalized to the rate of [3] . As an example the PBH binaries also have large uncertainties due to the DM profile (solid versus dotted red lines), the DM mass-concentration relation (shown for the one of Prada [63] ) and the exact contribution of the smallest in mass DM halos, represented by a red band around the Prada NFW red solid line (see [64] for a detailed discussion).
have a strong impact on their formation redshift distribution. The blue dotted and long dashed lines in Figure 1 , show that impact assuming that all the BBHs form in environments of Z = 0.1Z or Z = 0.5Z respectively. For the redshift distributions of different metallicity environments we follow the results of [62] . Realistically, BBHs will form in a variety of environments, with relative weights not well defined yet. As is evident from Eq. 10, the time-delay between formation and merger, can be important as well. Many models for BBHs suggest a typical time-scale for t d of the order of Grys [11, 62, [65] [66] [67] [68] [69] [70] [71] . Those large time-scales naturally arrise form the orbital properties (eccentricities and semi-major axes) of the formed binaries. We assume that the propability density function
In Figure 1 , using the same assumptions as otherwise used for the solid blue, we show the impact of the time-delay, where with the green dashed line we take τ d = 1 Gyr and with the green dotted line τ d = 3 Gyrs. The LIGO collaboration also models the time delay distribution as ∝ 1/t d . We show results later using that alternative parametrization. Finally, we show a case for an alternative scenario to that of BHs that are formed from stars. That is the case presented in [16] , where the BHs are primordial in their origin. These primordial black holes (PBHs) binaries, follow a very different redshift profile at formation. The binaries are formed through GW emission when PBHs pass close-by and emit enough energy to capture each other. The time delay for these binaries was shown in [72] to be significantly smaller than that in conventional stellar BBHs. Yet, the capture rate has significant uncertainties as well. Those are related to the dark matter (DM) halo profiles (see red solid vs dotted lines for NFW [73] vs Einasto [74] DM profiles), the mass concentration relation as well as uncertainties related to the contribution of the smallest DM halos shown in Figure 1 with a red band (see also [16, 64] for a detailed discussion of these effects).
III. RESULTS. THE GRAVITATIONAL WAVE ENERGY DENSITY PROBING THE BINARY BLACK HOLES PROPERTIES
As we discussed in section I, many different sources contribute to the gravitational wave energy density Ω GW . Thus, with future detector upgrades, by measuring it in a wide range of frequencies, we will be able to probe the properties of its sources. In Figure 2 , we show the gravitational waves energy density from BBHs using the estimated rate of BBH mergers, from the LIGO collaboration [3, 19] . The green solid and dashed lines, give the estimated total and residual GW energy density based on the first estimate by LIGO for the rate of events similar to the GW150914 [1] . As residual we exclude from the total Ω GW , the contribution of all the mergers of that type, that would be identifiable as single events. For the composite masses of the GW150914 type, with the same spins and released energy in GWs, that is all mergers occurring within z ≤ 0.75. In the blue lines, we give instead the expected Ω GW , using the updated rate estimates.
In [3] , the LIGO collaboration has presented three different estimates for the rate of BBH mergers. Assuming that in the binaries, the most massive BH m 1 , follows a probability distribution scaling as ∝ m 
+92
−31 Gpc −3 yr −1 for the GW151226 class. We refer to that as "LIGO O1" events assumption. We note that LIGO is less sensitive to masses < ∼ 5M . BHs with mass as low as 3 M may exist in binaries even if observationally those haven't been detected in x-rays [75] . Thus [61] , with the local rate in agreement with [3] . The long-dashed blue line gives the ΩGW, assuming that the three events from LIGO O1 run are a representative sample of the entire population (see text for details and Figure 3 ). The contribution of the PBHs, is given by the red lines for mPBH = 30M . The red band around the red solid line accounts for uncertainties in the rate (see text for more details and Figure 1 ). "Total" refers to the energy density calculated by the integral of Eq. 2. As "Residual" we exclude the contribution from individual events that would be identified by LIGO's design sensitivity. We also show in the dashed-dotted red line the residual (stochastic) background from 30M PBHs assuming that ET would resolve all coalescence events up to at least z 8. For comparison we also give the GW energy density calculated by LIGO [33] based on its first GW150914 event (green lines). The LIGO design and the ET expected sensitivities to the ΩGW are given by purple dashed and solid lines respectively.
we allow also for the possibility that the distribution describing the largest masses m 1 in BBHs, extends down to 3 M (with the ratio q still following a flat distribution). As is shown in Figure 2 (blue solid, dot-dashed, long dashed and dashed lines) varying among those assumptions, affect little the lower frequencies f ≤ 50Hz shown for the Ω GW . Instead, at higher frequencies those varying assumptions, have a dramatic impact, since the lower masses occurrence, varies significantly between those alternative distributions.
The total contribution at 20 < f obs < 50 Hz, will be probed by the LIGO final design sensitivity as is depicted by the purple dashed line from [33] . That assumes the BBHs merger rates are those quoted in the central values of [3] . If instead the rate is lower but still within the currently quoted uncertainties, LIGO may not be able to measure the Ω GW at any frequency. As an example of that, in the red solid and dotted lines we give the contribution to the GW energy density from the PBH binaries. For ∼30 M PBHs have a merger rate that is consistent with the GW150914 class of events [16] . In the red band we give the uncertainty on Ω GW , based on the uncertainties on that rate (see Figure 1 and also [64] ). Yet, with ET-B design [76] (solid purple in Figure 2 ), we expect that we will have enough sensitivity to measure Ω GW from such a class of events over frequencies of 10-300 Hz; even for such a low merger rate. As a measure of the sensitivity to a given Ω GW we use the signal to noise ratio S/N , which is defined as:
, (11) where S n (f ) is the spectral noise density of each detector. We follow [77] 1 to calculate the S n (f ) from the plotted sensitivities in Figure 2 . γ(f ) is the dimensionless overlap reduction function for for ET we take it to be 1 for simplicity. For LIGO (ET) f min = 10(1) Hz and f min = 1000 Hz. For the total observation time we assume 5 yrs.
Given that the three events detected, have very different masses, their classes contribute in the GW energy density at different frequency ranges. That is clearly shown in Figure 3 (top panel), where we show the individual contribution from those classes of events and also their sum. The exact contributions, rely heavily on the rates. Yet, larger masses contribute more in lower frequencies. In fact, with future expected sensitivity, at low frequencies, we can probe the most massive members among the BBH population. [78] has detected stars in the R136 cluster of the Large Magellanic Cloud that are more massive than 150 M ; previously considered as unlikely to exist. In Figure 3 . This is shown by comparing the blue solid vs the red dashed lines (or green dot-dashed lines). The important difference here is that if such massive binaries with at least one intermediate BH exist, then at frequencies between 10 and 50 Hz, a deviation from Ω GW scaling as f 2/3 should be observable (see gray thin line that shows Ω GW ∝ f 2/3 , given to guide the eye). We calculate a S/N between 3.5 and 5 for LIGO which with ET-B design increases by a factor of 50-70 to values of 230-300 depending on the exact plotted Ω GW spectrum. Thus, the Ω GW at those frequencies can be used to indirectly search for the most massive and rare stellar and the intermediate mass BHs in the Universe. This statement does not depend on any remaining uncertainties related to the energy released at the coalescence. Inversely, if very light BBH binaries merge at a high rate, their contribution would be seen at f ∼ O(10 2 ) Hz (see orange dotted line in Figure 3 bottom panel) .
In Figure 4 , we show the impact that different assumptions on the environment of formation of the stellar BBHs 5. × 10 and on the time-delays, have on the Ω GW . We calculate the ratio of Ω X GW /Ω A GW between different set of assumptions "X" and "A". We always assume that the BBHs masses m 1 follow a PL distribution with m min = 5M and m max = 100M , with a flat distribution on q. As assumption "A", we always take the BBHs GRB redshift distribution with no time delay. Assumption set "X" instead varies. We always normalize the ratio to 1 at 10 Hz. There is a strong degeneracy between the redshift shape of R m (z) and its local normalization, at frequencies up to ∼ 50 Hz relevant for LIGO. That is shown more evidently by comparing reference assumptions "A" to the case where R m (z) has a distribution dominated by the environment with metallicities of 0.1 and 0.5 Z respectively (see long dashed purple line and blue solid line and also Figure 1 ). With the ET that will measure Ω GW up to 300 Hz some of those degeneracies will be A GW where "X" and "A" are different assumptions on the progenitors metallicity and timedelay. We assume fixed mass distribution for m1 and m2 of the BBHs. There is a strong degeneracy between the time delay, the environment of the BBH and the local merger rate, especially at f obs < 50 Hz.
addressed. Moreover, the exact assumptions on the timedelay between binary formation and merger are strongly degenerate to the uncertainties in the local normalization of R m . We show results with
Gyr (red dashed line), 3 Gyr (green dot-dashed line) and with P (t d ) ∝ 1/t d with t d ≥ 50 Myr (orange dotted line). The gravitational wave energy density alone will have little constraining power over those properties. Yet, we expect that the local rate of R m (z) will be well measured from the individual merger details by the end of the LIGO run at full design and even better with the measurement from the ET [79] ; allowing the decoupling of certain degeneracies. For the exact assumptions of Figure 4 we get a S/N of 2.3-4 and 170-250 for LIGO and ET respectively.
An other possible probe for indirect searches of BBH properties through the Ω GW , is the search for features associated with the fact that specific models for the BBH progenitors may indicate a narrow mass range of the BH population. We calrify that measuring Ω GW is going to be an additional tool to the measurement of the binaries masses and spins. Since for a specific choice of masses there is a maximum frequency emitted at the quasinormal ringdown f qnr (Eq. 5); a significant population of BBHs with specific masses would contribute to Ω GW with a specific frequency cut-off. That can result in possible spectral features on Ω GW . In Figure 5 , as an example, we show results for three different masses of PBHs. If PBHs have a narrow mass range, then their relevant Ω GW cut-off associated to the ring-down frequency may result in a bump in the total Ω GW . That can be seen in the specific plotted case between the blue dashed vs blue dot-dashed lines for an optimistic scenario. However, the merger rate of these PBHs remains small enough that we don't expect for either the GW residual background or
Total(F.&H.) Total (Ajith et al.) Coalescence Unc. for the total Ω GW to be within LIGO's reach [33] . For ET-B simplified assumptions, the difference in the S/N between the two blue lines of Figure 5 , is 17 (S/N of 263 vs of 247). We show results for 20, 30 and 40 M PBHs (orange, red and green lines). There are still some uncertainties in the physics of the emission of GWs during the coalescence. We account for these, by performing calculations with both the parametrizations of [54] and [56] (dashed vs solid lines for the PBH component to the Ω GW ). The uncertainties are not large enough to diminish the importance of searching for features in the Ω GW , indicative of specific BBH population with future detectors.
IV. CONCLUSIONS
The detection of GWs from the merger event of binary BHs has opened a new window in astrophysics. In this work we discuss the importance of the gravitational waves energy density on probing the properties of the BBHs and thus possibly their origin. While the current uncertainties after only three merger events are still very wide, there is a series of questions that can be asked.
Since the GW energy density Ω GW is the integrated merger rate of BBHs even at high redshifts where individual mergers can't be identified, its spectrum can give us information on the total BBH mass distribution. We find that at high frequencies (O(10 2 ) Hz) the contribution from the lightest BHs can be probed and thus help us understand how often such objects form (see Figure 2 and Figure 3 ).
More interestingly, at frequencies as low as 10-50 Hz, we can indirectly search for a signal of the most massive BHs of stellar origin. If the initial stellar mass function extends to masses as large as ∼ 500M , resulting in BHs of > ∼ 100M at the binaries, then a deviation from the expected Ω GW ∝ f 2/3 spectrum behavior may be clearly observed with ET (see Figure 3) .
The gravitational wave energy density amplitude depends strongly both on the total local rate and its redshift profile, which in turn depends on the exact environment, the time of binary formation, and the time-delay between formation and merger of the binary. The Ω GW is strongly degenerate to those assumptions (see Figure 4 ). Yet, we can use the individual detected events from LIGO in the next years to measure the local value of R m and break some of these degeneracies.
Finally, we discussed that if populations of BHs exist with narrow mass distributions as are those of PBHs [16] [17] [18] , then mild spectral features may exist in the Ω GW , that future detectors can identify (see Figure 5) .
The measurement of the spectrum of the gravitational wave energy density should be considered an other tool of searches to understand the properties of the BBHs in the Universe. That would be complementary to other studies as for instance cross-correlations of GW maps with galaxy catalogues [80, 81] , searches for high modes of GW emission [72, [82] [83] [84] or studies regarding the spins of the composite BHs [85, 86] .
